Neuroinflammation is the hallmark of several infectious and neurodegenerative diseases. Synthetic glucocorticoids (GCs) are the first-line immunosuppressive drugs used for controlling neuroinflammation. A delayed diffusion of GCs molecules and the high systemic doses required for brain-specific targeting lead to severe undesirable effects, particularly when lifelong treatment is required. Therefore, there is an urgent need for improving this current therapeutic approach. The intranasal (i.n.) route is being employed increasingly for drug delivery to the brain via the olfactory system. In this study, the i.n. route is compared to the intravenous (i.v.) administration of GCs with respect to their effectiveness in controlling neuroinflammation induced experimentally by systemic lipopolysaccharide (LPS) injection. A statistically significant reduction in interleukin (IL)-6 levels in the central nervous system (CNS) in the percentage of CD45 
Introduction
Neuroinflammation, defined as sustained microglia activation and the production of proinflammatory cytokines and reactive oxygen species, is a characteristic feature of different infectious and non-infectious neuropathologies [1, 2] . Increasing evidence supports the concept that a better control of neuroinflammation results in clear clinical benefits [3] .
Corticosteroids play a pivotal role in the management of inflammation in a wide range of pathologies, such as allergies, asthma, autoimmune diseases and sepsis [4, 5] . Synthetic glucocorticoids (GCs) with a much greater antiinflammatory activity than natural steroids have been developed. Dexamethasone (DX) and prednisone are the most extensively employed drugs in the clinic to control the acute neuroinflammation accompanying different infectious and non-infectious neuropathologies [5, 6] . High doses of both steroids have been used to reach the required concentration in the central nervous system CNS [7] .
Unfortunately, severe side effects such as exacerbation or promotion of diabetes mellitus, gastro-oesophageal reflux, osteoporosis, non-traumatic osteonecrosis, Cushing syndrome, hypertension and behavioural changes after highdose, long-term systemic steroid treatment limit their use, especially in chronic neuropathologies [5, [8] [9] [10] [11] [12] . These undesirable adverse effects are difficult to avoid, as most steroid anti-inflammatory and immunosuppressive activities are mediated by their binding to the ubiquitously expressed steroid receptors and result in affecting the functionality and survival of many different cell types, involved not only in innate and adaptive immunity but also in other crucial biological processes [13] .
The intranasal (i.n.) route is a feasible alternative for drug delivery into the CNS [14, 15] . Emerging evidence supports its potential to effectively deliver non-steroidal drug and hormones into the brain, reaching higher central and lower systemic concentrations than the oral or parenteral routes [16] [17] [18] [19] . To reach the brain, an intranasally delivered drug must be absorbed through the nasal mucosa into the blood and lymphatic vessels and penetrate across the endothelium of brain vessels and capillaries and the blood-brain barrier or reach the cerebral spinal fluid (CSF) through the choroid plexus [20] . Once in the CSF, the drug may enter into the brain via the perivascular spaces. Small molecules can also enter the brain from the nose along the olfactory and trigeminal nerve structures without passing through the CSF, providing a rapid therapeutic effect [14, 21] . These processes may last minutes or hours, depending on the size and the biochemical properties of the drug as well as its route of entry [22] . The effectiveness in reaching the CNS may also differ between species, depending on the surface of the olfactory nerves. In humans, this surface is much smaller than in rodents, but the dense innervation by branches of the trigeminal nerves of the nasal cavity increases penetration efficacy [22] [23] [24] . Currently, the i.n. administration of GC at very low doses is recommended as the first therapeutic choice to control human rhinitis, being found highly effective and causing minimal adverse effects [25] .
The aim of this study was to compare the effectiveness of steroid delivery by the i.n. or intravenous (i.v.) route in controlling experimentally induced neuroinflammation by systemic injection of lipopolysaccharide (LPS) into mice.
Materials and methods

Mice
Male C57BL/6 mice, aged 7-8 weeks (approximately 25 g body weight), purchased originally from Harlan-M exico (Cuidad de M exico, M exico) and further bred at our Institute, were employed. Mice were divided into groups of five to six animals, and kept in plexiglass boxes with food and water ad libitum before and during the experiments. The animal room was maintained at 22 6 38C with a 12 : 12 h light-dark cycle. Simultaneous experiments with five to six animals per group were performed to characterize the activation state of microglia and astrocytes by flow cytometry and immunofluorescence analysis.
All housing and experimental procedures were conducted under the guidelines established by the Committee on the Care and Use of Experimental Animals of the Instituto de Investigaciones Biom edicas (IBM) at the Universidad Nacional Aut onoma de M exico (UNAM). Experimentation protocols were approved by the animal safety committee of the IBM, UNAM.
LPS-induced inflammation
A model for systemic bacterial infection-induced CNS inflammation, reported previously by Qin and collaborators, was employed [26] . Mice received either 5 mg/kg of LPS from Escherichia coli serotype 0111:B4 (Sigma, St Louis, MO, USA) injected intraperitoneally (i.p.) or an equivalent volume of the vehicle (0Á9% NaCl; endotoxin-free isotonic saline solution; PiSA, Guadalajara, M exico) as a control.
Treatments
Three days after a single i.p. injection of LPS, one group of mice received one dose of either isotonic saline solution (ISS) or DX (0Á25 mg/kg), i.v. or i.n. Mice were euthanized at different time-points (3, 12, 24 or 72 h) after drug treatment (Fig. 1a ) and the expression of ionized calcium binding adaptor molecule (Iba-1) and glial fibrillary acidic protein (GFAP), which are expressed specifically in microglia and astrocytes, respectively, was performed by immunofluorescence analysis. The level of central cytokines [tumour necrosis factor (TNF)-a, interleukin (IL)-1b and IL-6] was measured 24 h after treatment. Based on results reported previously [27] , other groups of mice were treated either with ISS or DX (0Á25 mg/kg) as described above, 2 days after LPS injection, and euthanized 24 h later to characterize microglia activation and blood-borne cell infiltration into the brain by flow cytometry analysis (Fig. 1b) .
A lethal intraperitoneal injection of 90-100 mg ketamine and 10 mg xylazine per kg was used to euthanize the mice.
Central inflammatory mediators
Mice were anaesthetized as described above and submandibular bleeding was performed before euthanasia. All mice were perfused by cardiac puncture with 250 ml of sterile NaCl 0Á15 M to prevent the presence of peripheral molecules in central tissues. Brains were removed rapidly and one half was processed for protein extraction to determine TNF-a, IL-1b and IL-6 concentrations. The other half of the brains were fixed for immunofluorescence analysis, as described below.
Protein extraction
Snap-frozen brain hemispheres and spleens were homogenized in a lysis buffer [50 mM HEPES, 150 mM NaCl, 1% Nonidet-p40, 0Á5% sodium deoxycholate, 0Á1% sodium dodecyl sulphate (SDS)] containing complete protease inhibitors (Roche, IN, USA). Samples were then centrifuged at 16 000 g for 15 min at 48C and supernatants were collected for analysis. The total amount of proteins in the soluble extract was measured using the Lowry method [28] . Cytokine enzyme-linked immunosorbent assay (ELISA)
Commercial kits were used to quantify the concentration of the proinflammatory cytokines IL-1b, IL-6 and TNF-a in brain and spleen extracts (BioLegend, San Diego, CA, USA). Briefly, sandwich ELISAs were performed in 96-well, flat-bottomed MaxiSorp microtitre plates (Nunc, Roskilde, Denmark). Microplates were coated with the capture antibody for 18 h at 48C. After washing with phosphate-buffered saline (PBS)-Tween 20 (0Á05%) and blocking for 60 min at room temperature with 2% PBSbovine serum albumin (BSA), plates were incubated at room temperature for 2 h with standard or samples, washed three times, and incubated for 1 h with the detection antibody at room temperature. Bound detection antibodies were identified using 1 : 1000 diluted avidin-horseradish peroxidase (HRP) and 3,3',5,5'-tetramethylbenzidine (TMB) as a substrate. Optical density was read before and after the reaction was stopped with H 2 SO 4 2N at 450 and 630 nm, respectively. Results were expressed in pg/ml per mg of protein in the respective soluble extract.
Immunofluorescence (IFC) analysis
Each brain was fixed in 4% buffered paraformaldehyde at 48C overnight. Free-floating 30 mm-thick mouse brain sections were processed as described previously [29] . After antigen retrieval by incubating in citrate buffer (0Á01 M citric acid, 0Á05% Tween 20, pH 6.0) at 708C for 50 min, samples were washed thoroughly several times with Trisbuffered saline (TBS) and blocked with a solution of 2% immunoglobulin (Ig)G-free albumin (Sigma, St Louis, MO, USA) in TBS for 20 min at room temperature. Brain sections were then incubated overnight at 48C with either rabbit anti-GFAP (Invitrogen, Carlsbad, CA, USA) or antiIba-1 (Wako Chemicals, Inc., Richmond, VA, USA), polyclonal antibody or rabbit anti-dexamethasone (Abcam, Cambridge, UK) or rabbit anti-CD31 (BioLegend, San Diego, CA, USA) in TBS-2% BSA to detect astrocytes, microglia, DX distribution and endothelial cells, respectively. After washing, sections were incubated for 1 h at room temperature with AlexaFluor 594 goat anti-rabbit IgG (Molecular Probes, Eugene, OR, USA) diluted in TBS-2% BSA. Samples were mounted onto glass slides in Vectashield medium (Vector Laboratories, Burlingame, CA, USA) containing 4',6-diamidino-2-phenylindole (DAPI) for nuclei imaging. Regions of the hippocampus [cornu ammonis (CA1 and CA2)] and the cortex (R1 and R2) of the images shown in Fig. 2 were selected and processed using Image J software (National Institute of Health, Bethesda, MD, USA). The same programme was employed to estimate the percentage of dexamethasone in the cortex (Fig. 6 ). 
Brain cell isolation
Parallel experiments in other groups of mice were performed for flow cytometry analysis. Mice were anaesthetized with a mixture of ketamine and xylazine, as described above. Brain cells were obtained following a method reported previously, with minor modifications [30, 31] . Briefly, mice were perfused by cardiac puncture with approximately 250 ml of Brains were collected in ice-cold magnesium and calciumfree saline solution (GKN) containing 0Á02% (w/v) isotonic bovine serum albumin (GKN-BSA), and dissociated mechanically using a 100-lm mesh. The sediment was collected in a 50-ml centrifuge tube, washed with GKN-BSA and centrifuged at 400 g for 10 min at slow brake. The pellet was treated with 5 ml digestion buffer (4 g/l MgCl 2 , 2Á55 g/l CaCl 2 , 3Á73 g/l KCI and 8Á95 g/l NaCl, pH 6.7) supplemented with 15 U of type-II collagenase and 500 U of DNase I per brain for 1 h at 378C, washed with GKN-BSA and centrifuged at 400 g for 10 min at slow brake.
The cells were suspended in 4 ml of 37% isotonic Percoll and overlayed on top of 70% Percoll. Then, 4 ml of 30% Percoll were loaded slowly onto the top followed by 2 ml of GKN-BSA. The tubes were centrifuged at 300 g for 40 min; 3 ml of the 70-37% interphase were collected carefully, washed with GKN and suspended in PBS (1X-0Á02% NaN 3 ). Cells were counted, stained with specific antibodies and analysed by flow cytometry.
Flow cytometry
Isolated whole brain cells were treated with CD16/32 antibody to block Fc receptors and stained for surface markers, as reported previously [32] . Cells were labelled with antiCD11b-PE/anti-CD45-allophycocyanin (APC)/anti-F4-80-fluorescein isothiocyanate (FITC), anti-CD11b-phycoerythrin (PE)/anti-CD45-APC/anti-lymphocyte antigen 6 complex locus G6D (Ly6G)-FITC or isotypematched control antibodies (BioLegend) and analysed using Attune blue-violet flow cytometer and FlowJo software (Tree Star Inc., Ashland, OR, USA). For analysis, two cell populations were distinguished using antibodies against CD11b and CD45. As microglia, perivascular monocytes/macrophages, granulocytes, dendritic cells, natural killer (NK) cells, lymphocytes and neutrophils are CD11b-positive, the difference in the level of CD45 expression was used to distinguish between microglia, which expresses low and intermediate levels, and perivascular macrophages and other infiltrated cells, which express high CD45 levels [31] . Activation of microglia and macrophages was evaluated by the expression of F4-80 and the population of neutrophils by the LY6G expression.
Statistical analysis
Data are presented as mean 6 standard deviation and statistical analyses were performed with GraphPad InStat (GraphPad Software, San Diego, CA, USA). Differences between groups were evaluated using non-parametric tests (Kruskal-Wallis followed by Mann-Whitney U-test). A difference was considered statistically significant at P-value less than 0Á05.
Results
Cytokine levels
As shown in Table 1 , i.n. administration of DX reduced significantly the level of IL-6 in the brain extracts 1 day Mean 6 standard deviation (s.d.) of brain cytokine levels in groups of five to six C57BL/6 male mice each; n.d. 5 not detectable; TNF 5 tumour necrosis factor; IL 5 interleukin; ISS 5 isotonic saline solution. Three days after intraperitoneal (i.p.) LPS injection, mice received saline or dexamethasone (DX) (i.v.) or intranasally (i.n.). Levels of central cytokines were measured 24 h later. The effects of the different treatment in each cytokine were compared. Data labelled with the same letter are not significantly different from each other, whereas those with different letters are significantly different. Values were considered statistically significant at P < 0Á05 using the Kruskal-Wallis test followed by Mann-Whitney U-test. after treatment (Fig. 1a) , while no effect was observed in i.v.-treated mice. TNF-a levels were not detectable in any of the groups included. No effect in the reduction of IL-1b was observed between i.n. and i.v. DX-treated mice.
Intranasal delivery of DX effectively reduced the percentage of GFAP 1 but not ionized calcium binding adaptor molecule 1 (IBA1) 1 
brain cells 24 h after administration
Mice were randomized into five groups (five to six mice per group). Based on a previously reported kinetic study [27] , 3 days after LPS treatment mice received saline or DX administered i.n. or i.v., and the effect on microglia and astrocytes was evaluated 3, 12, 24 and 72 h thereafter.
Four days after intraperitoneal injection, LPS increased intensively the expression of GFAP in astrocytes (Fig. 3) and Iba1 in microglia (Supporting information, Fig. S1 ).
A reduction in GFAP expression was observed 24 h after IN DX administration (Fig. 4) . Iba1 expression remained the same at the different times after DX administered i.n. or i.v. (Supporting information, Fig. S1 ).
Thus, a further evaluation of GFAP expression in the CA1 and CA2 and in the cortex (Fig. 2) was performed 24 h after DX administration. The quantification of GFAP expression 24 h after DX treatment was performed in the cortex and dentate gyrus, as shown in Fig. 4 . The mean staining intensity in an average of two sections per mouse was analysed to calculate the area for each photomicrograph and data were plotted. As shown in Fig. 4 , a significant reduction in GFAP expression was observed in all the areas analysed in DXtreated mice. A decrease in GFAP expression was observed in the i.n. treatment compared to the i.v. treatment in all regions, but the difference was statistically significant only in CA2.
Intranasal administration of DX effectively reduced the percentage of CD45
high /CD11b/ly-6G cells 24 h after administration
Taking into account the results described above, the effect of administration of i.n. or i.v.-DX on microglia was assessed by flow cytometry 24 h after administration (Fig. 1) After LPS treatment, there was neutrophil infiltration into the brain, and i.n.-DX was able to reduce the presence of neutrophils in the brain statistically significantly (Ly6G
Higher levels of DX are observed in the cerebrovasculature of mice after in administration compared with the i.v. route Fig. 6 shows the distribution of DX in the cortex of i.n. and i.v.-DX treated mice. As can be appreciated, a more intense and extensive distribution of DX was observed in the brains of i.n.-treated mice. A similar staining was also observed when slices were treated with anti-CD31 antibodies to stain endothelial cells.
Discussion
This study demonstrates for the first time the effectiveness of the i.n. route for GC administration to control peripheral infection-induced neuroinflammation; i.n.-DX administration to LPS-treated mice controlled astrocytes activation and proliferation effectively, accompanied by a decreased IL-6 expression and a reduced infiltration of neutrophils (CD11b/CD45 1 /Ly6G 1 ) into the brain. When DX was administered at the same dose by the i.v. route, the protective effects were less pronounced.
It is important to mention that DX as well as other drugs administered by the i.n. route may bypass the blood-brain barrier and reach brain regions such as the olfactory bulb, hippocampus and hypothalamus, as was demonstrated previously for other neurosteroids [16] . This non-invasive route is more efficient in reaching cerebral blood vessels compared with systemic administration (Fig. 6) .
It has been demonstrated previously that peripheral LPS injection activates microglia and astrocytes, and microglia with intensified Iba-1 immunostaining density and astrocytes with enhanced GFAP expression have been detected in the cerebral cortex and hippocampus [33, 34] . In this study, we confirmed that microglia/macrophages and astrocytes with activated morphology and intensified Iba-1 and GFAP, respectively, are observed after LPS injection. Importantly, a statistically significant decrease of GFAP levels detected by immunofluorescence in the hippocampus and in the cortex of i.n.-DX-treated mice was observed, suggesting decreased astrocyte activation. This decrease was more pronounced in the CA2 region after intranasal administration of DX compared with the i.v. route. Astrocytes are essential for controlling the environment in the brain and regulate neural plasticity providing trophic and metabolic support [34] . Although physiological activation of astrocytes is an important protective mechanism in the brain, uncontrolled activation of these cells has detrimental effects, leading to the release of inflammatory mediators and neurodegeneration [35, 36] . The results reported in this study suggest that i.n.-DX may be of interest in controlling the excessive astrocyte activation that accompanies different neuropathological conditions. Surprisingly, we did not observe decrease of microglia activation after DX treatment as assessed by flow cytometry and immunofluorescence staining. It is possible that the dose of DX employed was not sufficient to reduce the expression of Iba-1 and F4/80, both markers used commonly to evaluate microglia activation. It is worth mentioning that the morphological profile of microglia and Iba-1 immunoreactivity did not correlate with the corresponding inflammatory mRNA profile after peripheral LPS administration, as reported recently, and further research is needed to clarify this aspect [36] .
It is interesting to emphasize the effectiveness of IN-DX in reducing neutrophil infiltration into the brain. Previous studies demonstrated the involvement of neutrophils in brain damage and inflammation, and the development of novel therapeutic strategies interfering with pathological neutrophil trafficking is warranted [37] .
Finally, we observed a reduction in IL-6 levels in the brain after i.n.-DX treatment. It has been demonstrated previously that IL-6 is not simply a biomarker of brain injury or neuroinflammation but, instead, is a mediator of pathophysiology and an important driving factor for the neuroinflammatory response [38] .
Altogether, we observed multi-target effects of i.n.-DX in a mouse model of peripheral LPS-induced neuroinflammation. This murine model resembles the sustained inflammatory milieu that occurs in human sepsis and in other neuroinflammatory conditions. Thus, the effectiveness of this treatment in benefit of the outcome of these pathologies and the quality of life will be studied in the next future.
Independently of the mechanisms involved in central delivery after i.n. administration, there is an increasing interest in this non-invasive route to deliver drugs and macromolecules into the CNS [39, 40] . Enhanced uptake of drugs by the nasal epithelium has been explored by including cell-penetrating peptides (CPP) in i.n. formulations. This route has also been effective to administer hormones and non-steroidal anti-inflammatory drugs, such as ibuprofen, but to our knowledge it has not been employed for the delivery of GC into the central nervous system.
In conclusion, the results obtained in this study support the effectiveness of GC i.n. administration as a new therapeutic alternative of potential value in many different neuropathologies in which neuroinflammation is related to the disease. Importantly, i.n. administration may overcome the non-desirable effects mediated by the high systemic doses that must be employed to reach GC therapeutic levels to control CNS inflammation.
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